Trends in the Hydrologic Regime of Alpine Rivers
Antoine Bard (1) , Benjamin Renard (1) , Michel Lang (1) , Ignazio Giuntoli (1, 2) , Jane Korck (3) , Gernot Koboltschnig (4) , Mitja Janža (5) , Michele d'Amico (6) , David Volken (7) (1) Irstea, UR HHLY Hydrology-Hydraulics, Lyon, France. to assess the existence of significant changes in hydro-climatic series, before attempting to 24 understand their possible causes . The detection of trends within hydrologic 25 series raises several challenges. Firstly, the inter-annual variability of hydrologic series is 26
generally very large, especially in the extreme domain, hence restricting the power of 27 statistical tests to detect trends based on relatively short series. Secondly, many catchments 28 are impacted by direct anthropogenic influences, such as water withdrawal or hydro-29 electricity production, which may create artificial trends in addition to climate trends. Lastly, 30 ensuring the homogeneity of streamflow measurements over several decades is difficult: 31 rating curves may change or gauging stations may be relocated, thus creating spurious trends 32 in the time series (Lang et al., 2010) . Specific testing procedures (Kundzewicz and Robson, 33 2000; Parey et al., 2007; Renard et al., 2008) and thoroughly-reviewed datasets of 34 undisturbed catchments (Hannah et al., 2011; Burn et al., 2012; Whitfield et al., 2012) are 35 required to face these challenges. 36 increase in annual temperature and air pressure is observed during the 20 th century. Trends inseries for snowmelt-influenced catchments located in the Alps. As described in Bard et al. 88 (2012) , the strategy used to gather these series involves extensive quality checks in order to 89 meet the following requirements: (a) the gauging station has been active over a period of at 90 least 40 years; (b) the station controls a largely "undisturbed" catchment where direct 91 anthropogenic influences can be neglected; (c) the daily streamflow series is free from any 92 major non-homogeneity due to measurement issues. 93 Data quality has been assessed through a first round of analysis investigating changes 94 affecting low, medium and high flows over the whole available period for each gauging 95 station. In particular, step-change tests (Pettitt 1979 ) were used to highlight suspicious 96 stations. For example a significant step change occurring on the same date for many 97 hydrologic indices may be indicative of a measurement inhomogeneity (e.g. due to station 98 relocation, change in the measurement sensor or method, etc.). The results from this first 99 round of analysis were discussed with the data producers. Following this discussion, stations 100 were excluded from the dataset whenever a specific cause for the detected change could be 101 identified (typically, station relocation, building of some hydraulic structure influencing the 102 river flow, etc.). Some of the stations were judged appropriate only for a specific flow range. 103
Observed trends in hydro-climatic variables in the Alps
As an example, some stations are only usable for high flow analyses because measurement 104 issues and/or minor direct influences compromise their suitability for low flows. 105
This selection strategy yields a total of 177 series from six countries 1 (Austria, France, 106
Germany, Italy, Slovenia and Switzerland, see shorter than 40 years (due to missing data), while a few others are very long, with more than 111 80 years of data. Note that the series may appear quite short compared to other meteorological 112 variables. For instance, in the HISTALP project (Auer et al., 2007) The station elevations range mostly between 400 and 1200 m.a.s.l. (Fig. 1c) . The dataset 120 comprises catchments of varied size, the majority of which have an area between 100 and 121 1000 km² (Fig. 1d) . Around twenty catchments have a significant part of their area covered by 122
glacier, however precise quantification was not available for all of them. Lastly, Figure 1f  123 shows the data availability, and suggests that the period 1961-2005 provides the best trade-off 124 for analyzing as many stations as possible over a 40 years long common period. 125
Hydrologic regimes and hydro-climatic regions

126
Although all catchments in the AdaptAlp dataset are influenced by snowmelt, they still span a 127 significant diversity of hydrologic regimes. The catchments are clustered into homogeneous 128 hydrologic regimes to allow regime-specific analyses. Nine regimes are defined as presented 129
in Figure 2 ; they range from pure glacial and snowmelt regimes to mixed snowmelt-rainfall 130 regimes. The regimes clustering is performed by applying the Kohonen algorithm (Wehrens 131 and Buydens, 2007) to the inter-annual monthly streamflow (standardized by the inter-annual 132 mean) computed for each station. The Kohonen algorithm was chosen because it imposes 133 continuity between clusters, thus mimicking the continuous shift from glacial regimes to 134 mixed snowmelt-rainfall regimes. Loosely speaking, hydrologic regimes are hence sorted by 135 decreasing values of the annual solid/liquid precipitation ratio. Also note that the naming of 136 each hydrologic regime is based on the interpretation of each cluster rather than on a detailed 137 analysis of the dominant flow processes: this may not suffice to distinguish between e.g. 138 glacial melt and snowmelt from high-elevation regions (Koboltschnig and Schoner, 2011) . 139
As seen in Figure 3 pure glacial-and snowmelt-dominated regimes are found in the heart of 140 the Alps. These hydrologic regimes are mainly controlled by the storage of precipitation as 141 snow and ice during the cold months, with the lowest flows occurring between December and 142
February (see Fig. 2 ). While the highest flows occur during spring and summer. The month 143 with the highest flow ranges between April for composite 1 regimes to July for glacial 144 regimes, owing to snow and ice melt and summer precipitation (Birsan et al., 2005) . On the 145 other hand, mixed snowmelt-rainfall regimes are found in pre-alpine regions and behave 146 differently, exhibiting two low flow seasons: during the winter when part of the precipitation 147 is stored as snowpack, and during the summer due to a combination of earlier snowpack 148
shortage, lack of precipitation and high evapotranspiration. For these regimes, high flows are 149 mainly driven by snowmelt during the spring and by abundant precipitation in autumn. 150
Similarly to the hydrologic regimes, the Alpine area also spans a diversity of climatic regions. 151
The four climatic regions defined in the HISTALP project (Auer et al., 2007) are used 152 (Fig. 3 ). This classification is based on climatic variables including normalized air pressure, 153 air temperature, precipitation, cloudiness, and sunshine duration. Figure 4a : the volume deficit, the drought duration and the minimum streamflow (Amin). 176
The volume deficit is calculated as the cumulative difference between the actual flow and the 177 low flow threshold. In addition, three timing indices describing the drought timing are 178 calculated: the drought "start" is defined as the date at which the cumulated volume deficit 179 reaches 10% of the total volume deficit. Similarly, the drought "center" and the drought "end"correspond to 50% and 90% of the total volume deficit. These timing indices are similar to 181 the "center of mass" defined by Stewart et al. (2005) . For these indices, we use the 134 182 stations that are suitable for low flows. Given the alpine character of the studied catchments, the filtered series is interpreted as 189 snowmelt-induced base flow. Six indices are then extracted from the filtered series (Fig. 4b) . 190
The base flow maximum (Amax) and volume describe the snowmelt intensity. Similarly, as in 191 section 3.1.2, high flow timing is described with the indices "start", "center" and "end" even for mixed snowmelt-rainfall regimes where the snowmelt induced runoff is still more 215 important or is fairly equivalent to the runoff produced by autumnal precipitation (Fig. 2) . 216
Secondly, calculation time windows are specific to the target streamflow index and are 217 centered either on the low or high flow period. Lastly, for high flows the base flow separation 218 method is used in order to remove runoff induced by rainfall events and to only consider 219 snowmelt-induced base flow. 220
Statistical tests
221
Trend detection is performed by applying statistical tests to the time series of hydrologic 222 indices defined in the previous section 3.1. All testing procedures are detailed in Appendix 1. 223
3.2.1.
At-site tests
224
The Mann-Kendall trend test (Mann, 1945; Kendall, 1975) is used for at-site trend detection. 225
This test was selected because it is distribution-free, i.e. it does not require making anydistributional assumption. However, this test does assume data independence, which may not 227 be the case for some of the indices used in this study (especially low-flow indices). Therefore, 228 the "modified" Mann-Kendall (MMK) test proposed by Hamed and Rao (1998 When applying a statistical test to a large number of series with a 10% error level, a detection 235 rate of about 10% of significant trends is expected, even in absence of any change in the 236 series. Therefore, at-site testing is complemented by an evaluation of field significance, which 237 answers the following question: what is the minimum number of significant at-site trends 238 ensuring that these trends are not due to chance? The Bootstrap procedure proposed by 239 Douglas et al. (2000) , specifically designed to account for the spatial correlation within a 240 dataset, is used for this purpose. Field significance is evaluated for each hydrologic regime, 241 and for the whole dataset. 242
3.2.3.
Regional consistency
243
Although an assessment of field significance is necessary to qualify detected trends at a 244 regional level, it does not allow evaluating the trends consistency within a homogenous 245 hydro-climatic region. As an illustration, a region affected by numerous trends both in upward 246 and downward directions can be "field significant" despite a lack of consistency in detected 247 trends. However, in the context of climate-related trend detection, one would expect that 248 catchments with similar behavior and located in the same climatic region will respond in a 249 similar way to the evolution of climate forcings. Consequently, the trends consistency is 250 studied by applying the regional test proposed by Renard et al. (2008) at the scale of the 251 hydro-climatic regions defined in section 2.2. In a nutshell, this test attempts to detect a 252 common trend for a set of stations located in the same hydro-climatic region. It is a stringent 253 test since it requires consistency, and will therefore not detect strong at-site trends that are not 254 consistent across the region. On the other hand, it is powerful for detecting small but 255 consistent trends that would be otherwise missed by at-site tests. 256 (Table 2) , with more than 60% of significant upward trends, and 288 trend magnitudes of 26% and 31%. This increase holds to a lesser extent for snowmelt and 289 composite regimes. The increasing trend is generally consistent at the scale of hydro-climatic 290 regions (Fig. 6) , especially in the northwest region. However, mixed snowmelt-rainfall 291 regimes show the opposite behavior, with decreasing lower percentiles, especially in the 292 southeast region. 293
Results
Annual Median flow (Q50)
294
The annual median flow shows no clear general behavior over the whole Alpine region 295 (Fig. 5) . However, a clear increase appears for glacial regimes (Table 2) , with 77% of 296 significant upward trends and a trend magnitude of 36%. This increase is also found at the 297 regional scale for snowmelt 1 regimes in both western regions (Fig. 6 ), but it is not field-298 significant (only 13% of at-site significant trends). Lastly, for composite 2 and snowmelt-299 rainfall 2 regimes the annual median flow is significantly decreasing with trend magnitudes of 300 respectively 1% and 16%, but the regional consistency tests are not significant. 301
4.1.3.
Higher percentiles (Q75, Q90, Q100)
302
Results for the higher percentiles are broadly similar to those of the annual median flow: no 303 clear change appears over the Alps (Fig. 5 ), but some changes are field significant or 304 regionally consistent at a smaller scale. In particular, upper percentiles increase for glacial 305 regimes with moderate trend magnitudes of 17% and 15% (Table 2 and 
315
Winter drought severity appears to decrease overall (Fig. 7a-c) : volume deficit (a) is indeed 316 significantly decreasing for 25% of stations (Table 2) , with a trend magnitude of 39% and 317 drought duration (c) for 26% of stations with a reduction of 21 days on average. Annual 318 minimum (b) is significantly increasing for 25% of stations with a trend magnitude of 16%overall. These results are expressed in Figure 8 at the scale of the hydro-climatic regions: 320 glacial, snowmelt-glacial and snowmelt 1 and 2 regimes present a clear signal toward less 321 severe droughts: decrease in the drought duration and volume deficit and rise of the minimum 322 streamflow value. This signal is reinforced by regionally significant trends in both western 323
Timing
330
Trends in timing indices are scarce, with the exception of the drought end (Fig. 7f) , which 331 tends to occur earlier for 21% of stations (Table 2 ) by 8 days on average overall. However, 332 this trend is particularly marked for glacial, snowmelt-glacial and snowmelt 1 and 2 regimes, 333 with a timing shift of 15 days on average. Moreover, it is also detected at the scale of hydro-334 climatic regions for snowmelt 2 and snowmelt 3 regimes (Fig. 8) . The opposite trend is found 335 for snowmelt-rainfall 1 and 2 regimes where winter droughts are shifted later in the season by 336 22 days on average. This result is regionally consistent for the southeast region. 337 At-site results do not reveal any generalized change for high flow intensity (Fig. 9a-b) . 340
Spring and summer high flows
However, glacial regimes show significant trends: both snowmelt volume and annual 341 maximum are significantly increasing for 93% and 47% of the stations (Table 2) , with trend 342 magnitudes of 29% and 21% respectively. Regional results (Fig. 10 ) confirm theseobservations, with regionally consistent upward trends detected on these indices for glacial 344 regimes. On the other hand, a field-significant decrease of the snowmelt annual maximum by 345 an average magnitude of 16% is found for composite and snowmelt-rainfall regimes, but it is 346 not regionally consistent. 347
Timing
348
The snowmelt duration has significantly increased for 49% of the stations (Fig. 9c and 349 Table 2 ) with a trend magnitude of 19 days, mostly owed to an earlier shift in the snowmelt 350 "start" (Fig. 9d) . Glacial regimes show significant trends in the snowmelt onset that occurs 351 earlier, with a small magnitude of 6 days, whereas duration does not significantly increase. 352
On the contrary, snowmelt-glacial, snowmelt 1 to 3 and composite 1 regimes exhibit 353 significant decreasing trends for the snowmelt "start" and "center" indices, with average shifts 354 of 10 and 7 days, and increasing trend for the snowmelt "end" index by 11 days. For these 355 regimes, the snowmelt duration consequently increases with a trend magnitude of 23 days. At 356 the scale of hydro-climatic regions (Fig. 10) inconsistency and an oscillating behavior of the hydrologic indices. This is rarely observed 384 (Fig. 11 ), but 7 exceptions were found. Among these 7 cases, 5 are not significant overs the 385 1925-2005 period. Series with significant trends in only one sub-period are more frequent (26 386 cases) than series with consistent trends over both sub-periods (7 cases). 387
A particular behavior can be observed for station DE043, with significant increasing trends 388 for almost all percentiles over the period , and even a contradiction in the sub-389 periods trends for the snowmelt annual maximum. However, these changes could not be 390 explained by any historical change of the gauging station.
These results suggest that the period of analysis (which has been selected in this paper based 392 on data availability rather than on a particular climate-related assumption) plays an important 393 role in the outcome of the trend analysis. Alpine regimes do not seem to have evolved 394 uniformly over time, which calls for further analysis to further understand the main drivers of 395 hydrologic variability in the Alps. 396 Moreover, they are reinforced by the regional consistency test, which provides information on 428 the spatial consistency of detected trends. The regional consistency test is the most stringent 429 (because trends have to be consistent across the hydro-climatic region to be detected), 430 therefore fewer significant trends are found compared with field-significant results at the scale 431 of hydrologic regimes. Nevertheless, trends that are both regionally consistent and field 432 significant are found in 55%, 54% and 42% of the cases for annual percentiles, low flow and 433 high flow indices, respectively (Fig. 6, Fig. 8 and Fig. 10) . 434
Discussion
In a few cases, field significance and regional consistency tests do not yield the same 435 conclusion. Two opposite situations are identified: 436 1. A regionally consistent trend is detected, but field significance is not reached. In this 437 case, it is likely that the trend is too small to be detected by at-site tests, and the 438 number of detections is therefore too small to reach field significance. However, if this 439 small trend is consistent across the hydro-climatic region, the regional consistency test 440 may be able to detect it because it is much more powerful than at-site tests in this case. 
Comparison with previous studies and attribution
450
A coherent picture can be drawn for catchments that are highly influenced by snow and 451 glacier melt, which have evolved more drastically than other hydrologic regime types. 452
For glacial regimes, changes are more numerous for lower and medium percentiles than for 453 upper percentiles (Table 1) long time series of this region by the HISTALP study (Auer et al., 2007) . Regarding low 487 flows, snowmelt-rainfall regimes tend to be affected by later winter droughts, but showcontrasted changes in terms of intensity, with more severe winter droughts for snowmelt-489 rainfall 1 regimes and less severe droughts for snowmelt-rainfall 2 regimes. Conversely, 490 summer droughts tend to occur earlier for both regimes, whereas summer droughts tend to be 491 more severe for snowmelt-rainfall 2 regimes (results not presented in this paper). These results constitute a valuable step toward an improved understanding of the temporal 540 evolution of Alpine hydrologic regimes. In particular, the fact that the trends described above 541 are spatially consistent is an indication that they are climate-related rather than the 542 consequence of measurement issues or direct anthropogenic influences. However, whether 543 these evolutions are linked to climate change or to climate decadal variability remains an open 544 question, which cannot be answered on the sole ground of the analyses described in this 545
paper. Future studies will focus on identifying the role of forcing variables (e.g. precipitation, 546 temperatures) and climate variability (e.g. NAO, ENSO) on the evolution of Alpine 547 hydrologic regimes. 548 Table 1 . Calculation time windows used for the extraction of hydrologic indices. 756 Table 2 
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